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Abstract
Sub-virial gravitational collapse is one mechanism by which star clusters may form. Here we inves-
tigate whether this mechanism can be inferred from observations of young clusters. To address this
question, we have computed SPH simulations of the initial formation and evolution of a dynamically
young star cluster through cold (sub-virial) collapse, starting with an ellipsoidal, turbulently seeded
distribution of gas, and forming sink particles representing (proto)stars. While the initial density
distributions of the clouds do not have large initial mass concentrations, gravitational focusing due
to the global morphology leads to cluster formation. We use the resulting structures to extract ob-
servable morphological and kinematic signatures for the case of sub-virial collapse. We find that the
signatures of the initial conditions can be erased rapidly as the gas and stars collapse, suggesting that
kinematic observations need to be made either early in cluster formation and/or at larger scales, away
from the growing cluster core. Our results emphasize that a dynamically young system is inherently
evolving on short timescales, so that it can be highly misleading to use current-epoch conditions to
study aspects such as star formation rates as a function of local density. Our simulations serve as a
starting point for further studies of collapse including other factors such as magnetic fields and stellar
feedback.
Subject headings: stars:formation, stars: kinematics and dynamics, ISM: kinematics and dynamics
1. INTRODUCTION
Most stars form in clusters (Lada & Lada 2003), and
our own Sun is likely no exception (Adams 2010). As a
building block of star formation, the dynamical state of
molecular clouds plays an important role in determin-
ing the properties of star clusters. Theoretical stud-
ies of young star clusters have generally started with
a relatively dense cloud of gas with “turbulent” mo-
tions that are approximately virial (e.g., Bate et al. 2003;
Scally et al. 2005; Tan et al. 2006; Price & Bate 2008;
Bonnell et al. 2008; Hennebelle 2012; Myers et al. 2014).
In the case of numerical simulations, this choice of initial
conditions is often made for practical reasons, but this
begs the question of how the protocluster gas (and stars)
formed (with quasi-virial motions) in the first place.
Generally speaking, there are two main pictures of
the formation of star clusters. The first posits some
type of structuring in the molecular cloud which re-
sults in massive clumps which initially are supported by
roughly virial (and supersonic) motions (Tan et al. 2006;
Hennebelle 2012), while the second invokes gravitational
collapse (Hartmann & Burkert 2007; Elmegreen 2007;
Allison et al. 2009, 2010; Allison & Goodwin 2011). Sev-
eral studies have addressed the issue of cluster evolution
after the stars have been born and investigated whether
gas removal by stellar feedback is important (Lada et al.
1984; Kroupa 2000; Kroupa et al. 2001; Scally et al.
2005; Kruijssen et al. 2012; Moeckel et al. 2012), but rel-
atively little attention has been given to the forma-
tion of the protocluster gas (Hartmann & Burkert 2007;
Elmegreen 2007; Hennebelle 2012).
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With the advent of multifiber, high-resolution spectro-
graphs, it has become possible to study the stellar kine-
matics in star-forming regions efficiently (Fu˝re´sz et al.
2008; Tobin et al. 2009; Tobin et al. 2015; Foster et al.
2015; Cottaar et al. 2015). The populous Orion Nebula
Cluster (ONC), with substantial amounts of molecular
gas and continuing star formation is of particular inter-
est as it is potentially young enough (e.g., Da Rio et al.
2010) to show kinematic signatures of their formation.
Fu˝re´sz et al. (2008) and Tobin et al. (2009) showed that
most of the ONC stars that can be studied optically have
radial velocities consistent with those of the molecular
gas, with a substantial velocity gradient north of the
cluster center in contrast to the southern region. This
kinematic behavior led Tobin et al. (2009) to suggest
that ONC gas and stars are still infalling, though others
have argued that the ONC is in expansion (Da Rio et al.
2014; Kroupa et al. 2001) or approximate equilibrium
(Tan et al. 2006).
Previous numerical work focused on simulating
young clusters with applications to the ONC has
primarily utilized N-body simulations without in-
cluding the gravity of the gas. These stud-
ies have shown that initial substructure is rapidly
smeared out (Scally & Clarke 2002; Parker & Meyer
2012; Parker et al. 2014), mass segregation such as
that observed in the ONC (Hillenbrand & Hartmann
1998) occurs rapidly (Allison et al. 2010), and that at-
tempts to fit the current distribution of stars in the
ONC to a specific scenario yield a host of possible ini-
tial conditions (Scally et al. 2005; Allison et al. 2010;
Parker & Meyer 2012; Parker et al. 2014). However, the
presence of significant masses of gas in very young clus-
ters means that the self-gravity of the gas can be im-
portant in determining the gravitational potential and
thus whether clusters like the ONC are bound or not
(Hillenbrand & Hartmann 1998).
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Proszkow et al. (2009) took an initial step toward in-
cluding the gas along with cluster stars by modeling it
with a static potential included in the N-body calcula-
tions. They showed that sub-virial , with EG > EK ,
or cold collapse of the stars in an elongated additional
gravitational potential - as likely given the filamentary
structure of the dense gas in the ONC - observed at
an appropriate angle of inclination to the line of sight
could explain the observed stellar radial velocities, which
show a difference in kinematics between the northern and
southern parts of the cluster (Tobin et al. 2009).
To test the subvirial collapse (what we will refer to
as cold collapse in this paper) picture further, it is nec-
essary to include the time-dependent gravitational po-
tential of the gas, which should also be collapsing along
with the stars. In the large-scale “toy model” of the
Orion A cloud, Hartmann & Burkert (2007) found that
an elongated, rotating, cold collapse model could re-
produce the observed morphology of the 13CO gas and
formed a dense massive “protocluster” at one end of the
cloud. This model, however, had limited resolution and
did not include star formation (creation of sink parti-
cles). Also motivated in part by the structure of Orion A,
Bonnell et al. (2008) simulated star (sink) formation in
an initially cylindrical cloud of gas given an initially equi-
librium velocity field, which dissipated its kinetic energy
and collapsed to form clusters; in this case the evolving
gravitational potential of the gas was included. However,
Bonnell et al. were focused on the formation and accre-
tion of brown dwarfs and did not focus on the kinematic
signatures of the clusters or cloud. Similarly, Bate (2012)
presented calculations of cluster formation in a collapsing
environment with either a barotropic equation of state or
including radiative transfer, but focused mostly on the
mass function and relative spatial distribution of low-
and high-mass sinks.
In this paper, we seek to improve upon the work of
Proszkow et al. (2009) by allowing the potential of the
gas to evolve dynamically. Our simulations are quali-
tatively similar to that of Bonnell et al. (2008), but we
focus on a search for spatial or kinematic properties that
could provide observational tests of the sub-virial or cold-
collapse picture. The calculations also provide quali-
tative insights into the difficulties of testing models of
star formation from observations at a single epoch in
a dynamically-evolving environment. These simulations
provide a starting point from which more complex mod-
els including magnetic fields and stellar feedback can be
developed for comparison with observations.
2. NUMERICAL METHOD
To simulate cold collapse of a finite cloud with sink for-
mation, we used the smoothed-particle-hydrodynamics
(SPH) code Gadget2 (Springel 2005). The simulations
are evolved on the order of a free fall time, tff =
32pi(Gρ)−1/2 = 0.85 Myr. The simulation is isothermal
(T=10K), so dimensions of the cloud, time evolved, and
masses can be rescaled with the sound speed.
In Table 1, we list the details of initial conditions of
runs we have analysed. Based on the idea of the Orion A
model in Hartmann & Burkert (2007), we create an ini-
tially homogeneous, ellipsoidal triaxial geometry, which
can be thought of as a part of a molecular cloud under-
going collapse. As star clusters form in a relatively dy-
namic interstellar medium, some imparted angular mo-
mentum is likely, so we put the cloud initially in uni-
form rotation, along the most elongated axis, again fol-
lowing Hartmann & Burkert (2007). In addition to runs
which serve to replicate the morphology and kinematics
of Orion, we include run HR22, an isotropic distribution
of gas with no rotation, meant to test which character-
istics of infall are generalizable to clusters of arbitrary
morphology.
Velocity fluctuations were created through the use of
a random decaying supersonic turbulent field of various
phases, like that of (Stone et al. 1998), and following the
prescriptions of Ballesteros-Paredes et al. (2015), where
wave phases scale as 2pi/L for each direction, where L
represents the dimensions of a box defined by the prin-
cipal axes of the initial ellipsoid. Supersonic fluctua-
tions shock the gas, but without constant energy in-
jection, shocks dissipate rapidly. In this context, tur-
bulence serves as a way to create primordial inhomo-
geneities within a globally collapsing object.
To simulate star formation, we use the sink implemen-
tation from Jappsen et al. (2005). While gas particles
interact with one another through hydrodynamic and
gravitational forces, sinks interact with each other and
the particle fluid purely through gravity. Sink formation
occurs when a parcel of gas with ∇ · u < 0 eaches some
threshold critical density within a certain radius. We set
the critical density and radius of sink creation to meet
SPH resolution requirements where the critical radius
is the Jean’s length that corresponds to the minimally
resolvable mass (Bate & Burkert 1997). The accretion
radii, Rinner and Router are scaled according to the crit-
ical radius. All particles within Rinner are automatically
accreted, where it represents the “physical” boundary of
the sink. Particles between Rinner and Router are tested
to see if they are gravitationally bound to the sink, (i.e.
if Etot = EG + EK < 0)
Resolution in SPH refers to the minimum resolvable
mass, Mres = 2MtotNneigh/Ntot (Bate & Burkert 1997)
and depends on particle parameters as opposed to spa-
tial parameters like grid size. The high resolution runs
have Mres = 0.05M⊙ and the low resolution runs have
Mres = 0.15M⊙. Lower resolution runs are suitable for
investigating general morphological and kinematic prop-
erties. Higher resolution runs are used in situations
where better statistics are necessary.
3. RESULTS
3.1. Morphology of Orion-like runs
Figure 1 shows the time evolution and cluster mor-
phology and star formation over 1.1 tff (0.9 Myr) for
an Orion-like geometry (run LR) projected in the XY
plane. (From this point on, referenced coordinates are
based on those marked in bottom left corner of Figure
1) Figure 1a shows by the end of 0.4tff (0.3 Myr), the
velocity field shocks, dissipates, and leaves behind den-
sity inhomogeneities. Uniform rotation along the longest
axis contributes to preferential pile up of material at ar-
eas of high curvature, creating regions of high gas po-
tential; star formation is an ongoing process throughout,
particularly robust in areas where infall helps coalesce
inhomogeneities into flows (seen at 0.6tff (0.5 Myr) in
Figure 1b). At 0.8tff (0.7 Myr), the region of high po-
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TABLE 1
Low and high resolution runs
Run Mass [M⊙] # of particles [×106] Dimensions [pc3] Mach # tend [tff ] Notes
LR 2320 2 3× 2× 1 8 1.1 Low resolution, ONC like ellipsoid
HR 2320 6 3× 2× 1 8 0.9 High resolution, ONC like ellipsoid
LRb 1160 1 3× 2× 0.5 8 1.3 Low resolution, flattened ONC like ellipsoid
LRc 580 0.5 3× 2× 0.25 8 1.8 Low resolution, flattened ONC like ellipsoid
LRd 580 0.5 3× 1× 0.5 2 1.3 Low resolution, lower Mach number, ellipsoid
HR22 1000 6 1× 1× 1 8 1.2 Cubical, no rotation (Ballesteros-Paredes et al. 2015)
tential has grown deeper as subclusters have started to
merge during cluster assembly (Figure 1c). Panel d of
Figure 1 is the culmination of 1.1tff (0.9 Myr) of evolu-
tion; the result is a dense embedded star cluster at one
end of a gaseous filament, comparable to the ONC at the
end of Orion A.
Runs LRb and LRc are intermediaries between the fi-
nal three-dimensional Orion-like runs, described above,
and the limiting case of a rotating sheet as in the toy
model of Hartmann & Burkert (2007). As the ellipsoids
become more flattened, we can show that the geometry
approaches the simplified case seen in HB07 (Figure 2).
As such, we demonstrate that the natural outcome of a
collapse of a finite rotating object into a filament with a
knot of condensation at one end is generalizable to three
dimensions.
The cloud and cluster morphology is roughly compa-
rable to that of the simulation of Bonnell et al. (2008).
They started with a cylindrical molecular cloud 10 pc in
length and 3 pc in diameter, with a linear density gradi-
ent from one end of the cylinder to the other. Bonnell et
al. also initiated their simulation with a supersonic tur-
bulent velocity field such that the dense end of the cloud
was subvirial while the other end was slightly unbound.
The main difference between their results and ours is
that they formed two large clusters and one significant
group rather than the single main cluster we form, pos-
sibly due to a stronger focusing effect in our geometry
(Burkert & Hartmann 2004).
3.2. Dynamic Evolution
3.2.1. Gravity - dynamic driver
As gravity is driving cluster formation, it is useful to
characterize the evolution of the gravitational potential
over time. At early times (t < 0.5tff), the gas potential is
dominant, determining the location of the future cluster
potential minimum. The increase in densities in this re-
gion results in concentrated and star formation centered
at x = 2.23, y = 1.89, z = 0.0; this position does not
shift as time proceeds. We use this potential minimum
as the cluster center in what follows.
In Figure 3 we show the contributions of stars and
gas to the gravitational potential along a line in the
y-direction at the cloud midplane (z = 0) and at the
x = 2.23 value of the cluster center.As star formation and
cluster assembly continues, the stellar potential deepens
the existing well on small scales close to the future clus-
ter center. The stellar potential does not begin to be
significant until later times (t > 0.8tff), when it reaches
the same order of magnitude as the potential near the
cluster center.
x
y
z
Fig. 1.— Time series evolution in the XY plane of run LR at
(a) 0.4, (b) 0.6 (c) 0.8 and (d) 1.1 tff . Sink positions are shown by
empty circle markers. a) Effect of the initial turbulent velocity field
b) Density fluctuations remaining after turbulence dies down, start
of vigorous star formation c) Sub clusters start to merge together
in area of high potential d) End of simulation with formation of
newborn cluster along a dense gaseous filament
3.2.2. Kinematic signatures
Proszkow et al. (2009) showed that radial velocity gra-
dients as seen in the ONC (Tobin et al. 2009) by a model
of cold collapse of stars in a fixed spheroidal gravitational
potential of gas, viewed from an appropriate angle. In
Figure 4, we plot position velocity diagrams for the clus-
ter (run HR) and its surrounding region in various pro-
jections (XY, ZY, and XZ planes) at t = 0.9tff (0.71 Myr)
for comparison with the Proszkow et al. results.
Proszkow et al. (2009) found that a gradient such as
the one in the ONC was only found when viewing the
region at an angle to one of the principal axes of the
spheroid. Changing the projection from the ZY plane
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Fig. 2.— Morphological progression of run LRb over time at
(a) 0.6 (b) 0.8 (c)1.1 (d) 1.3 tff . a) Formation of density inho-
mogeneities and subfilaments b) Beginning of noticable infall c)
Emergence of filamentary structure d) Gas collapses into final fil-
ament with knot of condensation at one end, housing clustered
stars
to the XZ plane by tilting the cluster about 60 degrees
about the z axis (tilting from panel b to panel c of Fig-
ure 4) can reproduce a weak velocity difference of 1.0
kms−1 between the “north” and “south” regions of the
gas (Figure 5), smaller than the 2.4 kms−1 difference
found in Orion (Tobin et al. 2009). This occurs, in part,
due to a projection effect achieved by placing regions of
the cluster gas and the filament gas in the same plane. To
achieve an appreciable gradient, the projection should be
in the plane of the initial imparted rotation (i.e. project-
ing panel a of Figure 4 toward panel c does not have the
same effect). To that effect, runs without added rotation
do not develop a significant gradient.
Earlier in the formation process (t = 0.7 tff , Figure
6), proper motions tend toward the cluster center. The
cluster center at this time is characterized by a large
amount of gas and some captured stars. While some
proper motions visible in Figure 6 are clearly directed
toward this location, others are less clear as signatures
of infall. Even though we know that infall is occurring,
it might be difficult to discern at early times. As the
gas potential is the driver of cluster evolution, dense gas
structure could play an important part in determining
Fig. 3.— Potential wells sliced along the y axis due to
stars(dotted), gas(dashed), and both stars and gas (solid) over time
shown at 0.4, 0.6, 0.8 and 1.1 tff shown for run LR
(a) (b) (c)
Fig. 4.— Position-radial velocity diagrams for views in (a) the
XY plane vs vz (b) the YZ plane vs vx (c) the XZ plane vs vy at
t = 0.9ff. .
the motions of stars during times before massive cluster
assembly.
During the final timestep of the simulation (t = 0.9 tff),
proper motions of sinks far outside the cluster follow the
global infall dictated by the gas (Figure 7a), but within
the newborn cluster, infall is (unsurprisingly) difficult to
distinguish. In Figure 7b, we plot the proper motions
of stars within the cluster at the same timestep as Fig-
ure 6b, shown oriented around the cluster center. Using
Figure 7, it is evident that infall signatures exist primar-
ily at larger scales, several parsecs outside the cluster.
Many of the proper motion vectors do not point directly
at the cluster center, due in part to the global angular
momentum imparted to the cloud as an initial condition.
However, there is a general, though weak, signal of col-
lapse in that the proper motions shown in the upper half
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Fig. 5.— Position-radial velocity diagrams plotted for a 60 degree
projection of the ZY projection about the z axis (panel b of Figure
4). Velocity difference between the north and south is 1.0 kms−1
of Figure 6, while the proper motions in the lower half
are much smaller and oriented much differently (see also
Figure 7).
There is little evidence of infall when looking at
proper motions within the cluster bounds (Figure 7, right
panel). We can attribute this effect to something like
violent relaxation during the collapse where the rapid
growth of the stellar potential in the cluster location
can induce a rapid relaxation for particles within the
cluster bounds. Two body relaxation is not a plausi-
ble mechanism to explain the lack of infall signatures as
the timescale for a cluster with the parameters matching
our model cluster is on the order of a few Myr, much
longer than the freefall time and cluster assembly time
for the cluster. Due to dynamical processing associated
with global collapse, it appears that there exists a time
dependent length scale on which infall signatures mani-
fest.
At the end of the simulations, the velocity disper-
sions of stars within the cluster are nearly isotropic,
with values of 3− 4kms−1, comparable to that observed
in the ONC, while the velocity dispersions of the gas
of 1 − 2kms−1 are somewhat smaller than ONC values
(Tobin et al. 2009; Bally et al. 1987).
Decoupling of the stars from gas increases over time
as the growth of the stellar dispersion accelerates due
to infall. The velocity distributions of the gas do not
change significantly over time, unlike the stellar distri-
bution which widens dramatically over a few fractions
of the free-fall time. This effect can be attributable to
the infall, where the kinematics of the sink particles in
the simulation are much more susceptible to the effects
of gravity than the gas particles which can experience
damping due to the hydrodynamics.
To more generally investigate the effects of infall on
cluster kinematics, we perform the same analysis on run
HR22, an initial setup without elongation or rotation.
Similar decoupling between stellar and gas velocities as
stellar dispersions grow is observed over the formation
and evolution.
3.3. Substructure
Fig. 6.— Sample proper motions plotted on the large scale at
early times (t = 0.7tff ) where proper motions are heading toward
the current cluster position (denoted by the red square). Back-
ground is gas surface density at those locations.
Larger scale infall is responsible for creating the main
potential well in which the final cluster forms, while
subclusters are created out of the smaller scale primor-
dial density perturbations arising from dissipated shocks
made by the initial velocity perturbations. The substruc-
ture is initially subvirial, but approaches a virial state as
the cluster assembles. We can track cluster assembly by
looking at the evolution of substructure over time, from
a heavily substructured filamentary gas cloud to a cen-
trally concentrated star cluster.
Various methods have been used to quantify substruc-
ture in a star cluster; the Q parameter (Parker & Meyer
2012; Cartwright & Whitworth 2004), the two point cor-
relation function(Bastian et al. 2008, TPCF) and its
close relative, the mean surface density of companions
(MSDC) (Bate et al. 1998; Larson 1995). Here we use
the TPCF as a proxy for substructure evolution and to
track when the cluster begins to assemble into its final
distribution. As we are interested in when our final clus-
ter is a smooth power law distribution and do not need
to look at multi-scale substructure, the TPCF is an ad-
equate measure of substructure evolution.
We generate a distribution of all possible distances be-
tween sink particles, N, over the cluster area, up to 1.5 pc
from the cluster center, and compare it to a random uni-
form distribution, N ref , scaled over the same area. We
define the TPCF as N/N ref − 1 and compute it for vari-
ous times. When the two point correlation function for a
certain timestep reaches zero, the sample and reference
distributions become the same. Using the zero point of
the TPCF at different timesteps, we quantify the chang-
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(a) (b)
Fig. 7.— Proper motions of stars at t = 0.9 tff , post cluster assembly (a) at large scales, proper motions are toward the cluster center
(b) enlarged view of the dashed rectangle centered at the cluster center.
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ing scale of structure over time. The zero point denotes
at what scale (in pc) the distribution and its correspond-
ing reference begin to match up, or, in this case, what
the largest scale is at which non uniform structure ex-
ists. In Figure 8, the zero point steadily decreases with
time, levelling off at the start of cluster assembly, so that
structure becomes relegated to smaller and smaller scales
as the cluster forms and homogenizes.
Fig. 8.— Zero point of the TPCF shown as a function of time.
As structure gets wiped out, the zero point decreases and levels
off.
We find that the final distribution of stars in the new-
born cluster is relatively smooth. The stellar surface den-
sity of the local cluster area is comprised of a small inner
core decreasing with a power law profile, Σ ∝ r−3/2 (Fig-
ure 9) consistent with results from other studies that cre-
ate profiles with Σ ∝ rα, α < −1 (Scally & Clarke 2002)
and observations of the ONC (Hillenbrand & Hartmann
1998; Tan et al. 2006). We find a similarly centrally
cored surface density profile for our non-ONC like run,
HR22, but with a sharper power law drop-off, Σ ∝ r−2.
This difference is likely a product of the different ge-
ometries between non-ONC and ONC like runs. Run
HR22 experienced a more symmetrical collapse without
the influence of rotation or an elongated geometry; its
initial geometry is probably more efficient at assembling
a cluster as it doesn’t contain a filament, making the
stellar and gas potential wells deeper at the location of
the cluster. In cold collapse scenarios, initial geometry is
likely an important factor in determining the final cluster
geometry.
3.4. The mass function and mass segregation
As Figure 1 shows, sinks form first in subclusters along
dense filaments and areas of initial gas pileup. Figure
10a shows that the (ultimately) more massive sinks form
earliest, as we also found in Ballesteros-Paredes et al.
(2015). Figure 10b shows that on average, larger sinks
tend to be more effective accretors. As a result, older
sinks have had more time to accrete and gain grav-
itational influence in an environment becoming more
favorable for accretion with time. Previous studies
(e.g. Bonnell et al. 2001, 2008; Ballesteros-Paredes et al.
2015), have found that competitive accretion can repro-
duce a realistic initial mass function, as we see in our
Fig. 9.— Profile of star surface density in the ONC-like cluster
within 1 pc for run HR. Dashed line indicates a profile of Σ ∝
r−3/2.
own case for high resolution runs with enough dynamic
range (Figure 11).
(a) (b)
Fig. 10.— (a) Plotted at each time is the average final mass (at
t = 0.9tff ) of the sinks formed during that timestep. (b) Accretion
rate for various mass sinks at 0.9 tff (run HR). Discrete accretion
rates at low values are a result of minimum mass limits for gas
particles in the simulation. Dashed line shown has a slope of 2.
The effects of resolution in this study are seen primar-
ily in the mass function. Figure 11 shows the IMF for
the low resolution and high resolution runs at the same
timestep with vertical lines indicating the minimum re-
solvable mass for each resolution.Plotted against the em-
pirical model from Chabrier (2005), the high resolution
run has a well developed power law tail, however, the
location of turnover is an artifact of our choice of mass
resolution. With a smaller minimum resolvable mass, the
higher resolution runs have a better developed turnover
in the IMF shifted toward smaller masses. This leads to
more readily produced sinks and overall better statistics.
The overall morphology and general kinematics remain
unchanged between higher and lower resolutions.
Measurements of Orion’s population in
Hillenbrand & Hartmann (1998) found clear evidence of
mass segregation of the highest mass population, with
some evidence for segregation down to lower masses
like 1 − 2M⊙. Using the IMF, we divide sinks in the
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Fig. 11.— Initial mass functions for high resolution (HR-solid)
and low resolution (LR-dashed) runs.Plotted against the IMF from
Chabrier (2005), normalized uniformly to match numerical IMFs.
Locations of the limits of mass resolution are marked by vertical
lines. The turnover for higher resolution runs is well defined and
develops earlier due to better statistics.
simulation by mass based on different regions of the
mass function. Low mass sinks (M < 0.1M⊙) are those
smaller in mass than the peak of the mass function.
High mass sinks (M > 2M⊙) are those definitively in
power law tail of the mass function, with intermediate
mass sinks in the region in between. Cumulatively
binning the different mass populations in Figure 12 on
different scales, we find evidence for mass segregation
between all three populations.
4. DISCUSSION
4.1. Effects of an evolving gas potential
Comparing our results to those of Proszkow et al.
(2009), we find some similarities in the types of signa-
tures we can detect in the ONC-like cluster - specifically,
that the final cluster is fairly elongated and there exists a
radial velocity gradient in the gas between the north and
south regions of the cloud. While we see a gradient in
Figures 4 and 5, it is due to projection effects that place
the filament and the cluster in the same plane combined
with the added initial rotation imparted to the cluster.
This emphasizes the importance of projection effects, in
agreement with the findings of Proszkow et al. However
the importance of the initial rotation component in our
simulation can not be discounted in creating these signa-
tures.
The geometry of the gas potential is very similar be-
tween our study and that of Proszkow et al. (2009), so
significant differences in kinematic signatures can be at-
tributed to the presence of an evolving gas potential and
the addition of rotation. The extra dynamical processing
of the gas that we have added by introducing a non-static
gas potential likely ensures that signatures seen in the
static case are short-lived in an evolving potential. In ad-
dition, the introduction of small scale fluctuations in the
gas imparted by the initial supersonic velocity field, can
create additional departures from the static case. How-
ever, these departures are probably minor due to the fact
that the overall gas potential (which dominates the total)
Fig. 12.— Cumulative distributions of stellar populations within
(from top to bottom) 1.0, 0.75, 0.5, and 0.25 parsecs from the
cluster center. There is clear mass segregation as high mass stars
(M > 2M⊙) dominate close to the cluster center. Further mass
segregation occurs between intermediate (0.1 < M < 2M⊙) and
low (M < 0.1M⊙) mass cluster members as well. (run HR)
is still relatively smooth.
In a system dominated by infall, we expect to see stellar
proper motions pointed toward the center of the cluster.
However, as we see in Figures 6 and 7, even though the
simulated cluster is relatively young, obvious signatures
of infall no longer exist within bounds of the cluster, and
few can be seen on the outskirts of the cluster.
Stellar dispersions grow suddenly and quickly, starting
more than halfway through the simulation and growing
over a few tenths of a free-fall time.The difference be-
tween gas and stellar velocity dispersions is consistent
with the study of Foster et al. (2015), who observed that
dense cores in NGC 1333 have smaller velocity disper-
sions than that of the fully formed stars, suggesting that
the growth of stellar velocity dispersions over time occurs
as stars become dynamically hotter during infall. They
concluded this discrepancy between dense gas and stel-
lar dispersions can be explained by global collapse of a
gaseous medium of initially subvirial substructure. We
find our simulations to be in agreement with the pro-
posed scenario. Similarly, the velocity dispersion of stars
in the ONC is larger than that of the associated 13CO gas
(Tobin et al. 2009). Time dependence established in ob-
servations, like those of NGC 1333 is likely to be erased.
The relaxation time for a star cluster with parameters of
our final cluster is on the order of a few million years, a
loose upper bound that does not take into account gas
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clearing processes.
4.2. What is a bound cluster?
In Figure 13a, we plot a slice of potential through the
center of the newborn cluster for run HR (at t = 0.9tff),
distinguishing between stellar and gas potential. The
stellar potential is responsible for generating the well for
a fraction of the cluster region; the gas potential not only
deepens the well, but extends its bounds. Figure 13b
shows the average energy of stars centered around the
newborn cluster at 0.9 tff where stars are firmly bound
with E < 0. Since the distribution is highly centrally
concentrated, most of the stars are within 0.3 pc of the
center in the deepest part of the potential well shown in
Figure 13a.
The virial parameter, αvir = 5σ
2R/GM , is often used
to discuss whether a cluster is bound or not . In this
study, with full knowledge of the potential, we find the
system to be subvirial during formation, only approach-
ing virialized at the end of free fall. This, however, does
not ensure the accuracy of the virial parameter. Obser-
vational effects and survey design preclude the complete
knowledge of the dynamical elements in a system so that
without a complete census of the gas in the system, the
virial parameter is likely to be misapplied.
We find that the virial parameter is highly sensitive to
observational techniques. Shown in Figure 14, the en-
closed stellar mass levels off within 0.3 pc, but gas mass
grows linearly with radius. Labeled at intervals is the cal-
culated virial parameter using only the stellar potential,
α∗ and the calculated virial parameter using the total
potential, including the contribution of the gas mass, αt.
We see that α∗ is roughly virial when taken within the
cluster, but supervirial at and beyond the cluster radius.
The virial parameter that takes into account the gas po-
tential, but not the kinematic properties of the gas, αt,
is subvirial within the cluster bounds and virial to super-
virial at and outside the cluster radius. When calculating
a virial parameter that incorporates all the information
at our disposal, kinetic and potential energies for both
the gas and the stars, we get that the system is subvirial
within the cluster and virial outside the cluster bounds.
Since observations of star clusters depend on estimates of
cluster size and gas content, using a virial parameter like
α∗ is unlikely to present an accurate picture of a cluster’s
dynamical state.
4.3. Star forming environments
During cold collapse, the environment in the forming
cluster/cloud are likely to vary in time and space. In-
homogeneities and filamentary flow create density varia-
tions on a variety of spatial scales, while global collapse
inherently changes the density of the medium. In assem-
bling the final cluster, stars in this simulation can travel
great distances from their birthplaces. We can see in
Figure 15 and Table 2 that some of the most massive
stars travel several parsecs to get to their final position
within the cluster. These groups are born in separate lo-
cales, coming from different environments, and accreting
material of various density along the way.
The substantial migration of accreting sinks (stars) is a
result of our initial conditions. The initial supersonic ve-
locity fluctuations, although rapidly damped, provided
(a) (b)
Fig. 13.— Looking at the newborn cluster, we can compare the
gravitational potential with the kinetic energy of the stars to look
at how bound stars are in regions of the cluster. a) Potential well
through the middle of the cluster site, with gas and star potentials
shown separately. b) Average energy (E = KE + PE) per unit
mass of stars found in the cluster region, where E < 0 indicates
stars in the region are bound on average.
Fig. 14.— Mass enclosed as a function of radius from the cluster
center. Labeled at 0.2, 0.8 and 1.4 pc are virial parameters, α∗
and αt at those radii. α∗ - virial parameter comparing kinetic
energy in stars and only the stellar potential. αt - virial parameter
comparing the kinetic energy in stars with the total potential.
non-linear density perturbations in a distributed envi-
ronment which then collapsed. Alternatively, one might
have started with smaller density perturbations, and ar-
ranged collapse to a dense, more filamentary structure
in which the sinks would form. In the latter picture, po-
tentially sinks would not travel far from their birthsites,
as seen in many non-clustered regions such as Taurus
(Hartmann 2002). The spatial and kinematic relations
between local gas and stars might thus provide clues to
the level of turbulent structure in the initial cloud. As
an example, for run LRd where we’ve lowered the mag-
nitude of all initial velocity perturbations by a factor
of 4, we see less clustering and more filamentary star
formation(Figure 16). The rotation component remains
dominant, but star formation occurs along collapsing fil-
amentary structures within the cloud.
There is evidence for mass segregation in the final clus-
ter, shown in Figure 12. However, delineating between
a primordial or dynamical origin is difficult as we have
shown that stars in a cluster do not have to form any-
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Fig. 15.— Locations of 4 groups (colored squares) of the 10 most
massive sinks in the simulations, numbered to correlate with the
groups in Table 2. a) Sinks form within subclusters that can travel
as groups in areas of high curvature spurred on by infall b) Infall
starts to bring massive sinks together c) The more massive sinks
and their subclusters coalesce to make a newborn cluster d) New-
born cluster houses predominantly the most massive sinks in the
center.
TABLE 2
Cumulative distances traveled by massive star groups in
Figure 15
Group Distance traveled [pc] at time
# 0.6 tff 0.8 tff 1.1 tff
1 0.34 0.35 0.65
2 0.23 0.38 0.54
3 0.41 0.90 1.28
4 0.66 1.38 2.10
where near their final location and can come from differ-
ent subcluster environments all together. It is possible
that because sinks that become the most massive tend to
form first they can thus easily become the first real clus-
ter members during assembly while smaller mass stars
form closer to the cluster environment as infall condenses
the gas. More than likely, mass segregation is a mix of
primordial advantages and dynamical processing. Our
results show that mass segregation is likely due to the
geometrical advantages inherent in the set up. However,
it is a look at early mass segregation and later effects
of feedback processes that disperse gas could very well
change the segregation profile of the cluster as seen in
studies of feedback in clusters by Parker et al. (2015).
Another result of the changing landscape that stars
form in is that a star forming environment does not sim-
ply refer to what is near the cluster, but can refer to
varied material that the star forms in and accretes along
the way. In fact, we find that, on average, sinks can reach
Fig. 16.— Time progression of cluster evolution of simulation
where the rotational component is more dominant as the magni-
tude of initial velocity perturbations has been decreased.
more than half their final mass before even entering the
near environs of the cluster (Figure 17).
As a result, measuring star formation efficiency by scal-
ing with local freefall time is misleading as what is meant
by “local” is constantly changing for stars traveling many
parsecs through different environments on their way to
the final cluster. In addition, an evolving gas potential
guarantees that the environment in which stars form and
accrete can be very different from the cluster that they
are observed in. As brought up in Allison et al. (2010),
star clusters that we observe only serve as snapshots in
a larger and ever shifting story. Attempting to piece
together the formation of stars based on the current en-
vironment, without thought as to their potential initial
conditions, is not likely to be representative of their for-
mation histories.
Around 20-40% of the initial gas mass gets converted
to stars at the final stage of the simulation. Using our ini-
tial freefall time, the star formation efficiency per freefall
time, SFRff (defined in Krumholz & Tan (2007)), ranges
from 0.2 to 0.36. However, the final cluster environment
is, on average, much denser than the inital density. The
local free fall time is 0.2 Myr, at most, for near cluster
environs. Using this value, the SFRff . 0.05, more con-
gruent with estimates made by Krumholz & Tan (2007).
As cold collapse will increase density over time, using
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Fig. 17.— Line shows the fraction of mass accreted between the
snapshots for a typical sink in Figure 15. Shaded region designates
upper and lower bounds for sinks in the simulation. Generally, a
sink will be over half its final mass by the time it enters the cluster
(around t = 0.8 tff for the low resolution run corresponding to
panel c in Figure 15).
current conditions makes metrics like the SFRff inher-
ently flawed.
Low star formation efficiency measurements have been
used in studies (Krumholz & Tan 2007; Tan et al. 2006,
e.g.) to justify initially virialized conditions similar to
current cloud conditions. To slow down star formation,
mechanisms such as magnetic support and driven turbu-
lence have been invoked. The origin of consistent turbu-
lent driving is still murky, but simulations which inject
energy into a system with feedback or turbulence must
include gravity, as well, as its effects are demonstrably
important.
5. SUMMARY
Cold collapse has managed to reproduce general mor-
phological and kinematic features of real life clusters.
While neglecting “the kitchen sink”, we demonstrate a
proof of concept where much of the cluster formation pro-
cess can be attributed to gravity. We show that large-
scale effects of gravity can naturally produce clusters,
even if the near environs of the cluster are dominated by
the stars’ gravity.
Subvirial initial conditions and an evolving gas poten-
tial do not generate long lived kinematic signatures. To
be able to confidently identify infall signatures in an ob-
served cluster one would have to catch the cluster early
in its formation process and expand the search outside
what one might regularly call its bounds. Outside of ideal
conditions, it is difficult to adequately confirm what the
initial state of a typical star cluster might be.
Future kinematic studies of nearby open clusters will
emerge in the coming years, through radial velocity sur-
veys and large scale efforts like GAIA. With future re-
sults used in conjunction with a testable model of cold
collapse we can make better predictions of the physics
involved in a star forming region. While our simulations
do not include all potentially important processes (radia-
tive transfer and feedback, magnetic fields), they serve as
a starting point for further studies to investigate effects
of those processes on the cold collapse paradigm.
6. ACKNOWLEDGMENTS
We acknowledge a helpful report from an anonymous
referee. JBP and LH acknowledge UNAM-PAPIIT grant
number IN103012. Numerical simulations were per-
formed either at Miztli, a 4096 core cluster at DGTIC-
UNAM, as well as at University of Michigan HPC cen-
ter, partially supported by UNAM-PAPIIT grant num-
ber IN103012 to JBP. AK would like to acknowledge
funding by the Rackham Graduate School at the Uni-
versity of Michigan.
REFERENCES
Adams, F. C. 2010, ARA&A, 48, 47
Allison, R. J., & Goodwin, S. P. 2011, MNRAS, 415, 1967
Allison, R. J., Goodwin, S. P., Parker, R. J., et al. 2009, ApJ,
700, L99
Allison, R. J., Goodwin, S. P., Parker, R. J., Portegies Zwart,
S. F., & de Grijs, R. 2010, MNRAS, 407, 1098
Ballesteros-Paredes, J., Hartmann, L. W., Pe´rez-Goytia, N., &
Kuznetsova, A. 2015, MNRAS, 452, 566
Bally, J., Langer, W. D., Stark, A. A., & Wilson, R. W. 1987,
ApJ, 312, L45
Bastian, N., Gieles, M., Ercolano, B., & Gutermuth, R. 2008, in
Proceedings of the International Astronomical Union, Vol. 4,
The Magellanic System: Stars, Gas, and Galaxies, 45–50
Bate, M. R. 2012, MNRAS, 419, 3115
Bate, M. R., Bonnell, I. A., & Bromm, V. 2003, MNRAS, 339, 577
Bate, M. R., & Burkert, A. 1997, Monthly Notices of the Royal
Astronomical Society, 288, 1060
Bate, M. R., Clarke, C. J., & McCaughrean, M. J. 1998, MNRAS,
297, 1163
Bonnell, I. A., Clark, P., & Bate, M. R. 2008, MNRAS, 389, 1556
Bonnell, I. A., Clarke, C. J., Bate, M. R., & Pringle, J. E. 2001,
MNRAS, 324, 573
Burkert, A., & Hartmann, L. 2004, ApJ, 616, 288
Cartwright, A., & Whitworth, A. P. 2004, MNRAS, 348, 589
Chabrier, G. 2005, in Astrophysics and Space Science Library,
Vol. 327, The Initial Mass Function 50 Years Later, ed.
E. Corbelli, F. Palla, & H. Zinnecker, 41
Cottaar, M., Covey, K. R., Foster, J. B., et al. 2015, ApJ, 807, 27
Da Rio, N., Robberto, M., Soderblom, D. R., et al. 2010, ApJ,
722, 1092
Da Rio, N., Tan, J. C., & Jaehnig, K. 2014, ApJ, 795, 55
Elmegreen, B. G. 2007, ApJ, 668, 1064
Fu˝re´sz, G., Hartmann, L. W., Megeath, S. T., Szentgyorgyi,
A. H., & Hamden, E. T. 2008, ApJ, 676, 1109
Foster, J. B., Cottaar, M., Covey, K. R., et al. 2015, ApJ, 799, 136
Hartmann, L. 2002, ApJ, 578, 914
Hartmann, L., & Burkert, A. 2007, ApJ, 654, 988
Hennebelle, P. 2012, A&A, 545, A147
Hillenbrand, L. A., & Hartmann, L. W. 1998, ApJ, 492, 540
Jappsen, A.-K., Klessen, R. S., Larson, R. B., Li, Y., & Low,
M.-M. M. 2005, a˚, 435, 611
Kroupa, P. 2000, New Astronomy, 4, 615
Kroupa, P., Aarseth, S., & Hurley, J. 2001, MNRAS, 321, 699
Kruijssen, J. M. D., Maschberger, T., Moeckel, N., et al. 2012,
MNRAS, 419, 841
Krumholz, M. R., & Tan, J. C. 2007, ApJ, 654, 304
Lada, C. J., & Lada, E. A. 2003, ARA&A, 41, 57
Lada, C. J., Margulis, M., & Dearborn, D. 1984, ApJ, 285, 141
Larson, R. B. 1995, MNRAS, 272, 213
Moeckel, N., Holland, C., Clarke, C. J., & Bonnell, I. A. 2012,
MNRAS, 425, 450
Myers, A. T., Klein, R. I., Krumholz, M. R., & McKee, C. F.
2014, MNRAS, 439, 3420
Parker, R. J., Dale, J. E., & Ercolano, B. 2015, MNRAS, 446,
4278
Parker, R. J., & Meyer, M. R. 2012, MNRAS, 427, 637
12 Kuznetsova et al.
Parker, R. J., Wright, N. J., Goodwin, S. P., & Meyer, M. R.
2014, MNRAS, 438, 620
Price, D. J., & Bate, M. R. 2008, MNRAS, 385, 1820
Proszkow, E.-M., Adams, F. C., Hartmann, L. W., & Tobin, J. J.
2009, ApJ, 697, 1020
Scally, A., & Clarke, C. 2002, MNRAS, 334, 156
Scally, A., Clarke, C., & McCaughrean, M. J. 2005, MNRAS, 358,
742
Springel, V. 2005, MNRAS, 364, 1105
Stone, J. M., Ostriker, E. C., & Gammie, C. F. 1998, ApJ, 508,
L99
Tan, J. C., Krumholz, M. R., & McKee, C. F. 2006, ApJ, 641,
L121
Tobin, J. J., Hartmann, L., Fu˝re´sz, G., Hsu, W.-H., & Mateo, M.
2015, AJ, 149, 119
Tobin, J. J., Hartmann, L., Furesz, G., Mateo, M., & Megeath,
S. T. 2009, ApJ, 697, 1103
